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Abstract
In the last years, many public authorities have promoted Public Private Partnerships (PPP) for roadways based on Performance-
Based Indicators (PI) linked to bonuses and penalties. PIs in PPPs include many items related to the quality of service provided to
the users (safety, congestion, and pavement condition) and energy efficiency. This paper evaluates the implementation of key PIs
for Hot-Mix Asphalt (HMA)—skid resistance, bearing capacity, and international roughness index (IRI)—from the standpoint of
the most efficient (cost and energy) way of manage assets. At this extend, our goal is to analyse the requirements set in four PPPs
up that were awarded in Spain in order to estimate the trade-off between costs and benefits caused by the implementation of PIs
in PPPs versus standard agreements. We have found that even though performance indicators in PPPs are positive because they
push the private sector to be more efficient, the requirements set by public authorities up in PPPs seem to be too demanding. It is
because roadway maintenance costs linked to PIs are higher than user’s costs savings over time.
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Conference Program Chairs.
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1. Introduction
Public Private Partnerships (PPP) have been implemented by many governments all around the world in order to
foster cooperation with private companies in the design, construction, financing, maintenance, and operation of
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public infrastructure. PPPs have been crucial in helping governments to mitigate budgetary constraints for funding
infrastructure and increase the efficiency of the infrastructures in terms of cost and energy. In PPP deals, the
government establishes the requirements and outputs and oversees their achievement, while the private sector
contributes with know-how and experience. If this formula is correctly implemented, it helps to create value for
money1 and efficiency in the system. PPPs are common in infrastructure, utilities, public health and education.
The goal of this paper is to evaluate whether the Performance-Based Indicators (PI) set up for Hot-Mix Asphalt
(HMA) in Spain were defined in order to get the maximum efficiency, in terms of cost and energy. This paper is
based on the research developed in the doctoral thesis2 defended by the one of the authors of this paper in the
Universidad Politecnica de Madrid. The justification of the particular values, hypothesis and assumptions considered
in this paper are detailed in the mentioned doctoral thesis2. For that purpose, we analyzed some experiences in Italy3
and we selected four PPP agreements that have been awarded in Spain in the last years on the basis of availability
payment. The contracts correspond to four different authorities 4,5,6,7,8 .Consequently, the authority needs to
implement a performance measurement system, which consists of several essential components: an explicit goal or
outcome for each indicator, a unit of measure for each indicator, a measurement protocol, and a performance
reporting mechanisms. It is the use of measurement systems which makes it possible for the authority to monitor PIs
correctly. This monitoring task is often outsourced to consultancy companies who are in charge of measuring PIs in
PPP agreements as delegates of the public road authorities.
2. Analysis of skid resistance as a PI
Road skid resistance is the technical term for the cumulative effects of snow, ice, water, loose material and the
characteristics of the road surface on the traction produced by the wheels of a vehicle. Skid resistance is related to
the coefficient of friction between a tire and the road surface, and is very much related to road safety. In fact, a small
decrease of skid resistance can multiply the accident rates by ten. Because of this, it is very important and to include
it as a technical specification in PPP tenders. The Spanish standard used to measure this PI in PPP contracts is skid
resistance. Table 1 shows the criteria adopted by each of the road authorities analyzed in this paper:
Table 1. Skid Resistance requirements for PPPs in Spain.
Skid Resistance (%) Fomento 4,5 Galicia6 Andalucia 8 Vizcaya7 Italy 3
Peak value threshold 35 40 35 35 35
Average value per kilometer 50 50 45 50 50
Works completion value - - 65 - -
Time prescription in operation 3 times / year 1 time / year 3 times / year 2 times / year 1 time / year
Table 1 concludes that skid resistance standards are very similar for the national public works authority of Spain
(Fomento or the National regulation)4,5, the Region of Galicia6, and the province of Vizcaya7. The thresholds
defined by the Andalucía Region8 are quite similar, even though a threshold for the end of the works is also required
in the contract. In all cases, PIs are independent of both annual average daily traffic (AADT) and time.
Consequently, static parameters are used to regulate dynamic variables. This circumstance is not acceptable, because
dynamic variables change with time, and static parameters are only a kind of instantaneous photograph from
dynamic variables. Pavement is always changing due to traffic, temperature, humidity, age. A better approach to skid
resistance definition could be taking into account facts as speed limit of the road, terrain type, road curvature,
intersecting roads and weather. So static parameters do not seem to be efficient enough to regulate dynamic
variables, they appear to be arbitrary regardless of the function and the location of roads. Further ahead we explain
that it is a better option pavement analysis with analytic frameworks and performance models. In this approach, it is
necessary to consider the standards that the National regulation requires9 for new works conducted through
conventional procurement. These technical requirements prescribe that skid resistance will be measured two months
after the pavement has been opened to traffic. The minimum skid expected at that time should be 60-65%. For works
just ended, skid resistance has to be greater than 60% skid. As is suggested in many researches —see AASHTO10,
TRB11,12, and IRF13, the standards for skid over time should be defined according to models based on pavement
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evolution14,15. In PPP, a PI value equal to 50% is very high for assessing penalties. Moreover, the National
regulation has no regulations where values of 40% and 35% appear as minimum thresholds, so it is indicative that
are necessary models based on pavement performance to consider situations above minimum thresholds.
To summarize, it is worthy to emphasize that there are some parameters in pavement management that change
faster than others. Skid resistance evolves very quickly in new HMA layers, and it can eventually increase16.
However, after one or two winter periods, the aggregates become detached from the bitumen film (stripping of
aggregate) that initially covered them. Because of the polishing of the aggregate, a decrease in the skid resistance
starts to happen, even though its pace of evolution is usually slow. The considered thresholds and values for PIs just
consider construction works recently performed, but they do not consider the distress and evolution of the HMA
pavement over time. Therefore, taking into consideration the frequency of measurement established by the National
regulation to control the PI target (three times a year) during the operating period, the established parameter for this
specific PI is excessive, considering that should be enough to survey during the two months after the HMA
construction completion, as The National regulation prescribes in ordinary requirements construction works9, and to
survey annually in the first two years in the operating period , and once every two years 17 from that point onward.
This over requirement for skid resistance creates a lost in the efficiency in the PPP agreements.
3. Analysis of bearing capacity as a PI
Pavement surface deflection measurement test is the primary survey for testing the bearing capacity in a HMA
flexible pavement structure. Although other measurements can be conducted to figure out the structural condition of
pavements, surface deflection test is an important pavement evaluation method because the magnitude and shape of
pavement deflection is related to traffic (type and volume), pavement structural section, temperature affecting the
pavement structure, and moisture affecting the pavement structure. Thus, many characteristics of flexible pavements
can be determined by measuring its deflection in response to heavy loads. Furthermore, pavement deflection
measurements are non-destructive. The pavement surface deflection survey is designed to impart a load pulse to the
pavement surface which simulates the load produced by a rolling vehicle wheel. The load is produced by dropping a
large weight, and transmitted to the pavement through a circular load plate. A load cell mounted on top of the load
plate measures the load imparted to the pavement surface. The measurement unit for bearing capacity is 10-2 mm.
Thus, it is important for the government to have a PI which measures, evaluates and controls this standard. The
proposed values which are included in4,5,6,7,8 match up with the ordinary prescriptions that Fomento uses for its
roads, such as the ordinary requirements that construction projects have to meet for The National regulation9 and the
technical specifications for pavement rehabilitation18. These values are in a range from 40x10-2 mm to 150x10-2
mm, depending on the type of pavement (flexible, semi-flexible or semi-rigid) and the heavy vehicles traffic
category. A good alternative to that problem would be to use the bearing capacity as a periodical survey to monitor
the evolution of the pavement, but not as a PI, and to establish the period for the measurement of the bearing
capacity. With this information, road authorities could perform a strategic approach with a long-term view to plan
the provision of the optimal rehabilitation and maintenance to their assets in order to increase the efficiency, in terms
of cost and energy. In any case, if the assessments intended to improve the assets are not made diligently, the goals
for geometric PI and superficial deterioration PI will not be achieved, with the consequence of penalization for non-
contract accomplishment, and the increase of maintenance expenditure.
We analyzed several sources that studied bearing capacity evolution19,20,21,22,23, and we have obtained information
from construction companies about the evolution of performance of pavements. From the analysis of these sources,
we have concluded that a different evolution model has to be adopted for each type of pavement. The bearing
capacity evolution for flexible pavement varies substantially compared to semi-rigid or rigid pavements. The
deterioration of flexible pavements is caused by fatigue resistance, which is manifested by the appearance of
alligator cracking and settlements. However, for semi-rigid and rigid pavements, pavement distress comes from
cracking initiation and progression and joint faulting. This is the reason why evolution models must be different for
each type. It is complicated to model the performance of a pavement, even if many variables have been taken into
account, because each section of a road has its own characteristics. For that reason, prediction models use several
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correction factors in order to adjust theoretical models to data obtained in on field condition surveys. However, for
PPPs, instead of specifying deflection requirements, should be more effective to specify threshold(s) on distress type
and extent. If authorities request "outcome" (instead of output) will promote innovation and flexibility for the PPP
contractor which will ultimately reduce the agency cost and increase the cost efficiency and the energy efficiency.
This issue could be mitigated performing every year a bearing capacity survey in order to monitor the evolution of
the payment in the long term. If the bearing capacity is above 100x10-2 mm, additional research of the issue should
be done by the operator of the road in order to identify the source of the issue and propose the specific actions to
implement to mitigate it.
4. Analysis of IRI as a PI
Pavement roughness is generally defined as an expression of irregularities in the pavement surface that adversely
affect the ride quality of a vehicle and thus the user. Roughness is an important pavement characteristic because it
affects not only ride quality but also vehicle delay costs, fuel consumption and maintenance costs. The World Bank
found road roughness to be a primary factor in the analyses and trade-offs involving road quality vs. user cost24.
Roughness is also referred to as "smoothness."
Table 2. International Roughness Index (IRI) requirements for PPPs in Spain.
IRI (m/km) Fomento 4,5 Galicia6 Andalucia 8 Vizcaya7 Italy 3
Peak value threshold 3.5 3.5 3.5 3.5 3.5
Average value per kilometer 1.5 2 2 2 2
Works completion value - - 1.25 - -
In Table 2, we show the IRI requirements set up by each of the PPP contracts that we analyze in this paper. In the
same way as the previous indicator, the requirements are similar for the four PPP contracts analyzed. We base our
analysis on Fomento’s requirements because they are the most restrictive. To study the efficiency of the proposed
indicator, it is necessary to consider the standard requirements set up by the National regulation9. Table 3 shows how
the IRI requirements depend on: i) new vs. rehabilitated pavements, ii) the overlay width, and ii) the functional
category of road, i.e., highways vs. other roads.
Table 3. IRI limit value for new and rehabilitated pavements.
(IRI) (m/km) NEW CONSTRUCTION PAV (IRI) (m/km) REHABILITATED PAVEMENTS
Hectometer percentage Expressway and hwys Other roads Expressways and highways Other roads
50 -100 < 1.5 - < 2.0 < 1.5 - < 2.5 < 1.5 - < 2.0 < 1.5 - < 2.5 < 1.5 - < 2.5 < 2.0 - < 3.0
Overlay width (cm) - - > 10 < 10 > 10 < 10
PIs included by the National regulation in PPP contracts related to IRI do not make a distinction according to the
characteristics described before: new vs. rehabilitated pavement, main expressway section, slip roads, service lane,
etc. Consequently, in PPP, the authority demands the same quality level in the main expressway section as in the
service lanes, when the latter has design requirements that are completely different. Moreover, the IRI requirements
set up as performance indicators in PPP are much more demanding than those prescribed for works constructed on
the basis of conventional procurement procedures9. While IRI values between 1.5 and 2.0 are accepted in roads
constructed on the basis of conventional procurement, The National regulation penalizes PPP with IRI below 1.5.
The Organization for Economic Co-operation and Development (OECD) defines the most appropriate level for the
IRI index depending on the AADT on the road—see Table 425. The OECD itself admits that those ranges are too
broad; thus, each country is given the freedom to determine their own specific limits.
The definition of the most appropriate IRI has to compromise service quality for the users and economic and
energy efficiency. Consequently, the higher the AADT in the road, the lower the optimum IRI will be, since the
operation cost savings will be larger compared to the maintenance expenses necessary to maintain the road
according to a certain IRI standard.
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Table 4. IRI thresholds recommended by OECD depending on the AADT25.
TRAFFIC
AADT
IRI – International Roughness Index (m/km)
0-2 2-4 4-6 6-8 8-10 10-12 >12
0 – 4,999 Very good
5,000 – 9,999 Good Average Bad Very bad
10,000 – 19,999
>20,000
The analysis of the influence of the AADT on the behaviour of HMA over time has been analysed by several
research studies26,27,28. As a result, it incorporates the user’s travel costs (vehicle maintenance, travel time, fuel, oil,
traffic accidents and so on) depending on a certain IRI level. The goal of this research is to characterize the optimal
IRI range for its use as a PI in highway PPPs. To that extend have been adopted the results coming from other
studies to calculate the social cost derived from a certain IRI in terms of the AADT on the road. First, we calculated
the user’s travel costs depending on the IRI. Then, we calculated the maintenance cost to achieve a certain IRI over
time in the road. In order to calculate this cost, it is necessary to define the works program expenditure in order to
keep the IRI up to a certain IRI threshold. Finally, we added the user’s travel cost and maintenance costs in order to
estimate the optimal IRI which maximize the cost and energy efficiency. Justification of the particular values,
hypothesis and assumptions considered in the following case study are detailed in the doctoral thesis2 defended by
the author of this paper in the Universidad Politecnica de Madrid. In order to show the results, we have applied this
methodology to a case study. The roadway segment studied is 10 km long, without high grades in a rolling terrain,
and with a term of ten years. Two scenarios have been studied: the first one with an AADT of 5,000, and the second
one with an AADT of 20,000. Applying analytic models of pavement performance26,27,28, we obtained the
performance of IRI over time. Figures 1 and 2 show the optimal IRI for these two scenarios. The authors have used
the software application Highway Design and Maintenance Standards Model (HDM-4), developed by the World
Bank. This software includes in different steps each one of the analytic models of pavement performance detailed
above. The system architecture of the HDM-4 software can be seen in Figure 0 below. In addition, the methodology,
the models used in this research and the relation among the analytic models and the several steps of the software are
explained in detail in the doctoral thesis2 defended by the author of this paper in the Universidad Politecnica de
Madrid.
Fig. 0. HDM-4 system architecture.
In Figures 1 and 2, we show the maintenance costs incurred in keeping a specific IRI level over a 10 year
timeline. The lower the IRI level, the greater the cost will be of maintaining this level over time. We also depict the
RUC – Road User Cost
SEC – Social and Environmental Cost
RDME – Road Deterioration and Maintenance Effects
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user’s travel costs, which include vehicle operation cost (petrol-energy, tires, oil, spare parts, depreciation, etc.), time
cost for passenger and freight transportation, and accident cost (traffic casualties, traffic injuries, vehicle damage,
etc.). The user’s travel costs depend on the IRI. The higher the IRI, the greater the user’s travel costs will be.
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IRI (m/km) – ADT: 5.000 vehicles/day
Fig. 1. Optimal IRI level for AADT 5,000 veh/day.
We observe that the construction works cost curve falls moving from left to right on the chart, while in contrast,
the user’s travel costs curve increases moving from left to right. The OECD says that the IRI’s influence over the
average user’s costs is significant only for IRI values higher than 525.
Factoring in both curves, we obtain the total cost curve. The optimal IRI will be the one providing the lowest total
cost, which provides the maximum efficiency in terms of cost and energy. From a purely economic standpoint, the
optimal solution will be the one shown in Figures 1 and 2, which results an optimal IRI of 4 for 20,000 AADT and 5
for 5,000 AADT. The values obtained in Figures 1 and 2 are consistent with the limits proposed by the OECD25
shown in Table 4.
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Fig. 2. Optimal IRI level for AADT 20,000 veh/day.
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In Figure 2, for the same section of road and time frame, the analysis is for 20,000 vehicles/day. It is worth
mention that construction work costs to reach a particular IRI is higher than in Figure 1, in which the AADT is
lower. The same happens with the user cost, because a greater AADT means more substantial global travel cost for
the users. The optimal IRI is lower in Figure 2 than in Figure 1. This decrease is caused by the situation that a greater
investment effort is necessary to offset the user cost. The value obtained in Figure 2 is reasonable, around 4 m/km,
and it is in line with the OECD (see Table 4) and the World Bank requirements25.
The findings of this analysis are that the requirements from PIs considered in PPP provokes excessive
maintenance works, resulting in an inefficient allocation of resources , especially concerning when budgetary
funding is limited. This research shows that the IRI requirement set up by the National regulation in its PPP for
HMA are very difficult to achieve (with values of 1.5 m/km for average value per km and 3.5 m/km for peak value
threshold). These values provide an excellent service to the users, but at a very high cost for the private sector and
for taxpayers, since most of the PPP agreements awarded in Spain in the last few years have been funded by the
taxpayers. These 4 examples of PPP are not efficient from a cost and energy prospective.
It is remarkable that the IRI should be fully related to a comfortable driving experience which justifies that
authorities require similar standard in road networks with similar features. Actually, drivers in wealthy countries are
more sensitive to comfort, which justifies more demanding IRI standards. In any event, the results shown above
indicate that road authorities should adjust their PI requirements to correlate with the specific characteristics of PPP
agreements. Furthermore, if the pavement analysis had been implemented with analytic tools and performance
models26,27,28, the road authorities would have used a valuable tool to control the requested quality standards for
these roads, without wasting limited resources. The optimum IRI calculated could be used as minimum IRI
requirement for the PPP threshold, and let the PPP contractor have the flexibility to maintain IRI better than this
value to better trade-off between the user cost and the contractor (agency cost) in order to increase the cost and
energy efficiency.
5. Conclusions
In the last decade, Spain has launched many PPP contracts based on availability payments depending on the
fulfillment of a set of performance-based indicators. Through this approach, public authorities pay an annual or
monthly fee to the contractors depending on the fulfillment of the requirements of a set of indicators. This paper has
conducted an analysis of the design and applicability of the three most important indicators related to pavement
conditions for flexible, semi-flexible, and semi-rigid pavements: skid resistance, bearing capacity, and roughness
index (IRI). These indicators are crucial for supervising the performance of pavements, and they provide a powerful
tool to authorities for monitoring the health and durability of their infrastructure, and the cost and energy efficiency
of its infrastructures.
From the analysis performed, we conclude that one of the problems related to the way PIs are currently defined in
Spain is that they are not adjusted to the expected evolution of pavements over time. Consequently, technical
obsoleteness, which is associated with all types of physical assets, is ignored. In other words, it is not reasonable to
expect pavement to maintain the same condition during its life-cycle. A solution for this would be to set up changing
and adaptive requirements over time. This situation is not efficient since the cost for the PPP contractors, and
consequently for society, of providing the quality level demanded by the contract is greater than the users’ travel cost
and energy savings. This means in the end a waste of public resources, which does not make sense in a time where
budget constraints are so relevant.
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